Abstract: Phase discrimination was measured in a ''go/no-go'' behavioral task for chinchillas and human listeners in order to compare spectral resolvability between the two groups. Tone complexes comprised a 250-Hz fundamental frequency with N consecutive higher harmonics, and subjects discriminated the cosine-phase complex from a random-phase complex. Values of dЈ increased as N increased and were similar between chinchillas and human listeners. Values of the criterion for each N condition were also similar between chinchillas and humans. The results suggest that spectral resolvability is likely to be similar for the two groups.
Introduction
Behavioral studies based on magnitude estimation in human listeners (Shofner and Selas, 2002) and stimulus generalization in chinchillas (Shofner, 2002) have addressed issues concerning pitch strength of complex, harmonic sounds. The results of these studies show that chinchillas appear to rely more heavily on temporal information in the stimulus envelope, but human listeners appear to rely more heavily on temporal information in the fine structure. The finding that the envelope is such a salient cue in chinchillas whereas the fine structure is more important in human listeners is somewhat paradoxical, because the audiograms of chinchillas and human listeners are similar (Heffner and Heffner, 1991) , and the bandwidths of auditory filters as measured using simultaneous masking procedures are similar for the two groups (Niemiec et al., 1992) .
Recently, the similarity of auditory filter bandwidths between human and nonhuman mammals has been questioned. Estimates of tuning along the basilar membrane derived from otoacoustic emissions indicate that cochlear tuning may be sharper in human listeners than in nonhuman mammals (Shera et al., 2002) . If chinchilla auditory filters are wider than human filters, then for a given harmonic tone complex there may be more unresolved components along the chinchilla cochlea than along the human cochlea. The presence of more unresolved harmonics could account for the predisposition of chinchillas to rely more heavily on envelope information, since envelope processing is dominated by information in the unresolved components.
A tone complex comprising harmonic components that are each added in cosinestarting phase can be discriminated from complexes comprising identical harmonics that are added with random-starting phases (e.g., Patterson, 1987) . Phase discrimination occurs when unresolved harmonics interact within a single auditory channel. When harmonics are resolved, there is less interaction among components resulting in poorer phase discrimination. Thus, phase discrimination indirectly reflects spectral resolvability in the auditory system. The present study measured phase discrimination in chinchillas and human listeners using the same behavioral paradigm in order to compare spectral resolvability between the two groups.
Methods
Subjects were three chinchillas (Chinchilla laniger) and three Loyola undergraduate students. Animals were generally maintained at 80%-90% of their normal body weight and received food pellet rewards during behavioral testing. Two chinchillas had been used previously in behavioral experiments (Shofner, 2002) . One human listener received a stipend and was taking part in another psychophysical experiment at the Parmly Hearing Institute; two other listeners were unpaid volunteers with no previous psychophysical experience. The procedures employed were approved by the Institutional Animal Care and Use Committee and the Institutional Review Board of Loyola University Chicago.
Tone complexes comprised a 250-Hz fundamental frequency (F0) with N consecutive higher harmonics. N was 5, 10, 20, and 40. Stimuli were generated on a digital array processor at a sampling rate of 50 kHz and were played through a D/A converter at a conversion rate of 50 kHz, low-pass filtered at 15 kHz, attenuated, amplified and played through a loudspeaker. Stimulus presentation and data acquisition were controlled by a Gateway computer system with TDT System II modules.
Chinchillas were placed in a cage inside of a single-walled, sound-attenuating test chamber lined with acoustic foam. At one end of the cage was a pellet dispenser with a reward chute attached to a response lever. A loudspeaker (Realistic Optimus Pro X7) was situated outside of the cage approximately 6 in. in the front of the animal at approximately 30 deg to the right of center. Human listeners sat in a double-walled, sound-attenuating chamber in front of the same loudspeaker and used a hand-held response lever. Sound level was monitored by placing a condenser microphone in the approximate position of a subject's head and measuring the A-weighted sound pressure level with a sound level meter. Overall level was fixed at 73 dB SPL.
Performance was measured in chinchillas and human listeners using the same ''go/nogo'' behavioral paradigm. Subjects discriminated a tone complex in which all components were added in cosine-starting phase (COS) from a tone complex comprising the same components added with random-starting phases (RND). Bursts of the RND complex (500 ms with 10-ms rise/fall times) were presented continually once per second throughout the testing session. The subject initiated a trial by pressing down on the response lever. After a trial was initiated, the RND complex was presented continually for an additional one to eight bursts which resulted in a holdtime of 1150-8150 ms for each trial. The number of RND complex bursts that continued after a trial was initiated varied randomly for each trial and was determined from a rectangular probability distribution. If the subject held the response lever down for the duration of the holdtime, then either a signal trial or a blank trial occurred. A signal trial consisted of two bursts of the COS complex, while a blank trial consisted of two additional bursts of RND complex. The response window was coincident with the duration of the signal/blank trial, but began 150 ms after the onset of the first burst. Thus, the duration of the response window was 1850 ms. Release of the lever during the response window was scored as a ''yes'' response; i.e., a lever release was the subject's way of saying ''yes, COS was presented.'' Immediately after the response window, there was a brief interruption (ϳ2 s) in the presentation of the RND bursts as the computer determined if the lever was released during the response window. If a release of the lever occurred before the holdtime had ended, the countdown for the holdtime was halted without any interruption in the RND bursts; the trial began again with the next press of the lever using the same holdtime.
Chinchillas were first trained in this behavioral procedure to discriminate the 40-component COS complex from wideband noise, and generalization gradients (e.g., Shofner, 2002) were obtained from each animal before the phase discrimination experiment began. Thus, each animal was well trained with this behavioral paradigm. Human listeners were allowed to practice the phase discrimination task using 125-Hz F0 tone complexes comprising 80 components which are easily discriminated (e.g., Patterson, 1987) . Listeners quickly learned the task and immediately achieved a performance level of 100% for a block of 40 trials.
Subjects were tested in blocks of 40 trials. In each block, the COS complex was presented on 32 trials (i.e., 80% were signal trials) and the RND complex was presented on 8 trials (i.e., 20% were blank trials). A new RND complex was generated for each block of trials. If the subject released the lever during a signal trial, then the ''yes'' response was treated as a hit, while a lever release during a blank trial was treated as a false alarm (FA). If the subject continued to hold the lever down for the duration of the response window during a blank trial, the response was treated as a correct rejection. Subjects received feedback for hits and correct rejections: chinchillas were rewarded with food pellets, whereas human listeners received light pulses from a light emitting diode. Estimates of sensitivity and response bias were based on at least 520 total trials for human listeners and at least 2000 trials for chinchillas. Sensitivity was measured as dЈ, where dЈϭz(Hits)Ϫz(FAs), and response bias was measured as c (criterion as defined by MacMillian and Creelman, 1991) where cϭϪ0.5͓z(Hits)ϩz(FAs)͔.
Results
Figure 1 shows individual estimates of dЈ as a function of the number of components for the two groups of subjects. There is no clear separation of the chinchilla functions from the human functions, but rather all six functions appear to be intermingled. A two-factor analysis of variance (ANOVA) shows there is no significant difference in dЈ between the chinchillas and human listeners ͓F(1,16)ϭ1.438;pϭ0.248͔. There is, however, a significant effect of the number of components on performance ͓F(3,16)ϭ11.872;pϽ0.0005͔. There is no interaction of groups and components affecting performance [F(3,16)=1.863; p=0.176] . Figure 1 also shows response bias as a function of the number of components for the chinchillas and human listeners. A twofactor ANOVA shows there is no significant difference in criterion between the two groups of subjects ͓F(1,16)ϭ2.446;pϭ0.137͔. In addition, there is no significant effect of the number of components on response bias ͓F(3,16)ϭ1.003;pϭ0.417͔, and there is no interaction of groups and components affecting response bias ͓F(3,16)ϭ0.164;pϭ0.919͔.
Discussion
Human psychophysical experiments often use a two-alternative, forced-choice procedure in which subjects listen over headphones, whereas animal psychophysical experiments commonly use a ''go/no-go paradigm'' in which animals listen through a loudspeaker. Comparison of animal and human psychophysical data must be made cautiously when methodological differences exist. In the present study, both chinchillas and human listeners were tested in the identical behavioral paradigm under similar acoustic conditions, so comparisons can be made directly without any caveats regarding procedural differences. Overall performance in phase discrimination will depend on two factors. First, auditory filters must be wide enough for several harmonic components to interact within an individual channel. Second, the central nervous system must have the ability to use the envelope information encoded in the auditory nerve. It is conceivable to have two species giving similar performance in which one group has wider auditory filters, but has a poorer ability to use the envelope cues, whereas the other group has sharper auditory filters, but has a superior ability to use envelope information. These two factors must be considered in chinchillas and human listeners before interpreting the present results.
When measured behaviorally using simultaneous masking procedures, chinchilla auditory filters have similar bandwidths to human auditory filters (Niemiec et al., 1992) . More recently, however, based on the group delay of stimulus-frequency otoacoustic emissions (SFOAE), it was concluded that human auditory filters are sharper than those of nonhuman mammals (Shera et al., 2002) . There is no evidence indicating that human auditory filters are broader than those of nonhuman mammals.
Chinchillas appear to rely more heavily on information in the stimulus envelope than do human listeners when listening to complex, harmonic sounds (see Shofner, 2002; Shofner and Selas, 2002) , but this should not be interpreted to indicate that chinchillas have superior ability over human listeners, because stimulus generalization experiments do not measure discrimination thresholds. A better indicator of the ability to use envelope cues would be modulation detection thresholds for sinusoidally amplitude-modulated noise. At a modulation frequency of 250 Hz, the difference between average thresholds in chinchillas and human is less than 3 dB (Salvi et al., 1982) . If the ability to use envelope cues for 250-Hz F0 tone complexes is similar for chinchillas and human listeners, then a dramatic difference in the bandwidths of their auditory filters should result in a large effect on phase discrimination performance.
The results of the present study show that for tone complexes comprising a 250-Hz F0 with N consecutive harmonics there are no differences in the abilities of chinchillas and human listeners to discriminate the COS complex from RND complexes. This result suggests that spectral resolvability is similar for the two groups and is not consistent with the hypothesis that spectral resolvability is poorer in chinchillas. Indeed, if spectral resolvability were poorer in chinchillas, then it would imply that there would be more interaction of harmonic components within individual auditory channels, which would predict better phase discrimination. The finding that there is no significant difference in response bias between chinchillas and human listeners suggests that the underlying decision processes are not fundamentally different for the two groups.
As previously mentioned, Shera et al. (2002) concluded that human auditory filters are sharper than those of nonhuman mammals. Figure 2 compares roex(p) filter functions (see Moore and Glasberg, 1987) derived from the power-law parameters for the Q ERB function (see Table 1 in Shera et al., 2002) for human and guinea pig auditory filters centered at 2500 Hz. For the human filter, the harmonic components of 2250 and 2750 Hz are attenuated by 20 dB relative to the 2500-Hz center frequency, but are only attenuated 4.5 dB by the guinea pig filter. In order to estimate how these differences might effect phase discrimination, the following simulation was implemented.
On each trial of the simulation, a standard 250-Hz F0 RND complex was generated in which the harmonic amplitudes corresponded to those of a particular roex filter. The test waveform was either a new RND complex or a COS complex which were generated with equal probability. The envelopes of the standard and test waveforms were extracted by a Hilbert transform, and the envelope autocorrelation functions were computed. No additional ''internal noise'' was added. The simulation returned a ''yes response'' if the difference in autocorrelation peak heights between the test and standard waveforms was greater than 0.02 at a time-lag of 4 ms (i.e., 1/250 Hz). Hits and FAs were determined for 1000 trials from every roex filter centered at each of the 40 harmonics, and dЈ's were computed for guinea pig and human roex filters (compare red filled circles with blue open circles in Fig. 2) . Values of dЈ equal to 0 resulted from the simulation returning 0 hits and 0 false alarms, thus indicating insufficient interaction of components within the auditory filter. Figure 2 shows that dЈ's of 0 were obtained only for guinea pig auditory filters centered from 250 to 1000 Hz, but for human auditory filters centered from 250 to 5250 Hz. When filters were centered half-way between harmonics, dЈ's of 0 were obtained only for guinea pig auditory filters centered at 375 and 675 Hz, but for human auditory filters centered from 375 to 3875 Hz (compare red filled triangles with blue open triangles in Fig. 2) .
The results of this simulation suggest that the sharp tuning described by Shera et al. (2002) for human auditory filters is inconsistent with the phase discrimination results of the present study. For example, human listeners give high dЈ's for phase discrimination in the 20-component condition (Fig. 1) , but the simulation predicts virtually no component interaction within those human auditory filters (Fig. 2) . It is interesting to note that bandwidths of auditory filters based on SFOAE data are similar to behavioral estimates of tuning using forward masking of a constant level signal, a procedure designed to reduce the effects of cochlear suppression (Shera et al., 2002) . The narrow filters based on SFOAE and forward masking may not represent the effective auditory filter bandwidths for broadband stimuli. Rather, the wider auditory filters derived from simultaneous masking procedures may be more representative of the effective bandwidths for stimuli like multi-component tone complexes.
